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Identification and typing of Salmonella for public health surveillance using whole genome sequencing
Philip M Ashton, Satheesh Nair, Tansy Peters, Janet Bale, David G Powell, Anaïs Painset, Rediat Tewolde, Claire Jenkins, Timothy J Dallman, Elizabeth M DePinna, Kathie A Grant
In April 2015, Public Health England implemented whole genome sequencing (WGS) as a routine typing tool for public health surveillance of Salmonella, adopting a multilocus sequence typing (MLST) approach as a replacement for traditional serotyping. The WGS derived sequence type (ST) was compared to the phenotypic serotype for 6887 isolates of S. enterica subspecies I, and of these, 6616 (96%) were concordant. Of the 4% (n=271) of isolates of subspecies I exhibiting a mismatch, 119 were due to a process error in the laboratory, 26 were likely caused by the serotype designation in the MLST database being incorrect and 126 occurred when two different serovars belonged to the same ST. The population structure of S. enterica subspecies II-IV differs markedly from that of subspecies I and, based on current data, defining the serovar from the clonal complex may be less appropriate for the classification of this group. Novel sequence types that were not present in the MLST database were identified in 8.6% of the total number of samples tested (including S. enterica subspecies I-IV and S. bongori) and these 654 isolates belonged to 326 novel STs. For S. enterica subspecies I, WGS MLST derived serotyping is a high throughput, accurate, robust, reliable typing method, well suited to routine public health surveillance. The combined output of ST and serovar supports the maintenance of traditional serovar nomenclature while providing additional insight on the true phylogenetic relationship between isolates.
140
For isolates that had novel STs, or a ST but no associated serovar in the Achtman MLST database, the 141 serovar was determined by phenotypic serotyping at PHE. STs and corresponding serovars of isolates 142 serotyped and sequenced during this study were added to a modified version of the Achtman MLST 143 database, held and curated at PHE. These novel STs were assigned a preliminary ST (PST) and an 144 inferred serovar was determined. The PHE MLST database currently holds 7000 strains and 1,200 145 serovars and is up-dated every three months. 155 the WGS derived ST to the phenotypic serotype for 6887 (94%) of 7338 isolates of subspecies 1, and of 156 these, 6616 (96%) had the same result by both methods ( Supplementary Table) . It was not possible to 157 compare phenotypic serotyping with MLST-based serotyping for 451 (6%) subspecies I isolates because 158 either the phenotypic serotype could not be determined due to an incomplete antigenic structure (S.
159 Unnamed) (n=423) or the serovar could not be determined because the ST did not have a designated 160 serotype in the MLST database (n=70). Forty-two isolates were both S. Unnamed and had no MLST 161 designated serotype. (13) . Of the 7338 strains tested, 70 (1%) had no serotype designation in the MLST database, of which 28 167 (40%) were serotyped phenotypically ( Supplementary Table) .
169 Subspecies I novel sequence types
170 Novel sequence types that were not present in the MLST database were identified in 8.6% (n=654) of 171 the strains ( Supplementary Table) . These 654 isolates belonged to a total of 326 novel STs, designated 172 PST; the modal number of isolates identified per PST was one (Figure 2a ). There was no difference in 173 the distribution of number of isolates per PST depending on whether the PST had a known serovar or 174 belonged to an unnamed or ambiguous serotype. The rate at which PSTs were received throughout the 267 The analysis showed that the change in antigenic structure in S. Richmond (I 6,7:y:1,2) and S. Bareilly (I 268 6, 7:y:1,5), both ST 909, and in S. Saintpaul (I 4,5,12: e,h: 1,2) and S. Haifa (I 4,5,12: z,10: 1,2), both ST49, 269 reflected a true phylogenetic difference (Figures 3a and 3b ). 291 key aspects of this approach that led PHE to adopt this strategy were (i) the robustness of the 292 population structure as defined by the natural eBG clusters (ii) the fact that eBG designation provides an 293 accurate representation of strain relatedness and (iii) that this approach lends itself to automation. At 294 the same time, it was necessary for PHE to maintain serovar nomenclature in order to facilitate data 295 exchange with other colleagues in the field and maintain backward compatibility with historical data. It 296 was suggested that by using the MLST approach to infer serovar, and by reporting both inferred serovar 297 and ST, it would be possible to utilise the advantages of both methods and implement a state-of-the-art 298 typing system while keeping disruption for reference laboratory service users to a minimum.
300
The PHE dataset of 6887 subspecies I isolates that were serotyped using both traditional phenotypic 301 methods and a derived serotype based on MLST data extracted from the genome during a 12 month 302 time frame, provided further evidence of the robustness of the ST/eBG approach to typing. The 96% 303 concordance between the two techniques in a reference laboratory setting is evidence of the validity 304 and suitability of this approach. There were 451 isolates that had to be excluded from the comparison 305 because both types of data (phenotypic and genotypic) were not available. Of these, for 94% of the 306 isolates, it was the phenotypic serotype that could not be determined indicating that WGS MLST derived 307 serotyping is more robust. 316 The phenomenon of multiple serovars belonging to the same ST (for example S. Richmond/S. Bareilly 317 and S. Haifa/S. Saintpaul) was a rare but important example of serotyping providing a higher level of 318 strain discrimination within a ST. These strains could be differentiated in silico using a tool to infer 319 serovar from the genes that determine antigenic struture, such as seqsero (Zhang et al. 2015) . 320 321 Despite the implementation of WGS, a limited phenotypic serotyping facility continues to be maintained 322 at PHE in order to serotype isolates that cannot be matched to a serovar; either because the ST in the 323 MLST database has no serovar designation or the ST is a novel type. Additionally, it ensures that we 324 maintain the ability to perform the standard reference method for serotyping Salmonella. The PHE MLST 325 database is regularly up-dated to include STs recently matched to a serotype by linking the ST to PHE 326 phenotypic serotyping data and novel PSTs. This approach was adopted because at the time of analysis, 327 the Achtman MLST database was not accepting submissions generated by WGS. There was no decrease 328 in the rate at which PSTs were observed during the 12 month study period and the majority of PSTs 512 Tables  513 Table 1 . Examples where two serovars belonged to the same eBG and the same ST 
